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1.  INTRODUCTION 

During the reporting period, precipitation annealing of 30  Ti-Nb wire  samples  
I 

was completed, using the process  discussed in  the First Quarter ly  P r o g r e s s  

1 Report (AI-64-  198). Subsequently, measurements  of c r i t i ca l  cu r ren t  density 
I 

(Jc) vs  t r ansve r se  field, upper resist ive c r i t i ca l  field (H ) ,  normal -s ta te -  

res is t ivi ty  at 4 . 2 " K  ( p  ), and room-temperature  res is t ivi ty  ( p  ) were  completed. 

Well defined maximums i n  c r i t i ca l  cur ren t  density and res i s t ive  upper c r i t i ca l  

f ield were  found as a function of annealing tempera ture ;  broader  ranges of de-  

pendence w e r e  found for  annealing t imes.  

ments  at 4 . 2 " K  ( p  ) and at room-temperature ( p  ) are consistent with H 

deter  minations . 

r 
I 

I n f 

I 

I Normal  s ta te  res is t ivi ty  measu re -  

I n f r 
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II. CRITICAL CURRENT MEASUREMENTS 

Crit ical  cu r ren t  densit ies of the 30 Ti -Nb annealed wire  samples  were  mea- 

- sured  in t r ansve r se  magnetic fields. All  samples  were  4-in.-long wi re s  mounted 

i n  hairpin fashion and potted in epoxy. 

taken in fields up to 30 kG by increasing the sample cur ren t  in  constant f ields 

until the wi re  went normal .  

Standard J vs  H measurements  were  
C I '  

The result ing J vs  H curves  a r e  shown in  F igures  1 through 11 i n  conjunction 

with the upper c r i t i ca l  field measurements;  c r i t i ca l  field measurements  a r e  dis - 
cussed i n  Section XI. 
at the same  tempera ture  for  different t imes.  

as a function of annealing t ime and temperature  is shown in  Figure 12. 

C 

Each figure shows the resu l t s  f o r  wi re  samples  annealed 

An i somet r ic  plot of J, at 30 kG 
F r o m  I 

I this f igure,  it is seen  that c r i t i ca l  current  density is m o r e  sensit ive to  annealing 

tempera ture  thah to  annealing t ime. 

350°C heat  t rea tment  but only a broad maximum in the annealing time between 

It reaches  a well-defined maximum for 

I 
I 300 to  1000 minutes.  

Photomicrographs and x- ray  diffraction studies a r e  still in p rogres s .  These 

tests a r e  necessary  to  determine the dependence of J on precipitate s i ze ,  

density,  and matrix composition. Pre l iminary  resu l t s  indicate that precipitate 

density continues to inc rease  a f te r  J has reached its maximum. 

C I 
C 

The J vs  H measurement  for sample No. 9 was extended to  75 kG using 
4. *a- 

C 

I faci l i t ies  at ORNL. This data is shown i n  Figure 8. 

::We part icular ly  thank Dr.  W.  F. Gauster,  Thermonuclear Group, ORNL, for 
h i s  cooperation and the  use of his facilities. 
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Ti - 22 at. O/O Nb WIRE 
(N 0.01 in. diameter) 

UNAGED, STARTING MATERIAL 
(800° C - 240 min. anneal) 

Pn = 1 0 5 ~ n - c m  

H, : 70 kG 

I 
Figure  1. Cri t ical  Current  Density and Upper Cri t ical  Field at 

4.2 OK fo r  0.01-in.-Diameter Ti -22  a/o Nb Wire,  &Quenched, 
f r o m  800°C.  This is the Starting Mater ia l  for  Subsequent 

Anneal 
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Figure  2. Cr i t ica l  Current  Density and Resis t ive Upper Cri t ical  
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Figure  4. Crit ical  Current  Density and  Resistive Upper Cri t ical  
Field at 4.2"K for  0.01-in.-Diameter Ti-22 a/o Nb Wire 
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Figure  5. Cr i t ica l  Current  Density and Resis t ive Upper Cri t ical  
Field at 4 . 2 " K  f o r  0.01-in.-Diameter Ti-22 a/o Nb  Wire 

Annealed at 350°C for the Times Shown 
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Figure  6.  Cr i t ica l  Current  Density and Resistive Upper Cr i t ica l  
Field at  4.2"K for  0.01-in. -Diameter Ti-22 a / o  Nb Wire 
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Figure  7 .  Crit ical  Current  Density and Resistive Upper Cr i t ica l  
Field at 4.2"K for  0.01-in.-Diameter Ti-22 a/o Nb W i r e  

Annealed at 450°C for  the Times  Shown 
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1 .  

Figure  8. Cri t ical  Current  Density and Resistive Upper Cri t ical  
Field at 4.2"K f o r  0.01-in.-Diameter Ti-22 "/o Nb Wire 

Annealed at 500 "C for the Times  Shown 
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Figure  10. Cri t ica l  Current  Density and Resis t ive Upper Cr i t ica l  
Field at 4 . 2 " K  for 0.01-in.-Diameter Ti-22 a/o Nb W i r e  

Annealed a t  600OC for the Times Shown 

AI-65 -42 
15 



I .  

Ti - 22 at.% Nb WIRE ( N  0.01 i.1. biometer) 

SAMPLE AGING 
No. TEMP ( O C )  I TIME(min) (p 

1 I I 

34 98.8 63 I IA  
23A 650 300 98.3 53 
I A  IS60 94.5 54 

L 

1 
1 1  I I h I 1 1  1 

0 20 40 80 100 
H (kG1 

0 

Figure  11. Cr i t ica l  Current  Density and Resis t ive Upper Cr i t ica l  
Field at 4.2"K for  0.01-in. -Diameter Ti-22 a / o  Nb Wire 

h e a l e d  at 650°C for the  Times  Shown 
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111.  RESISTIVE UPPER CRITICAL FIELD MEASUREMENTS 

B 

1 I' 

A. DESCRIPTION 

DUAL BEAM 
OSCILLOSCOPE 
AND CAMERA 

The res i s t ive  upper c r i t i ca l  f ie lds ,  H for the 30 Ti-Nb wire  samples  have 

In this  method, a t r ansve r se  

The experimental  sequence i s  the 

r '  
been measured  using pulsed-field techniques. 

sample is tested in a pulsed-field solenoid. 

following: a small sample cur ren t  is established in z e r o  field,  then the solenoid 

field is increased  with ms. r i s e  t imes  and a voltage is observed a c r o s s  the sam- 

ple. 

field of the t e s t  sample.  

normal- to-super  (NS) transit ion provided the t ranspor t  cu r ren t  was not sufficient 

to cause propagation of the normal  region. 

abrupt in Type I1 superconductors,  but take place over s eve ra l  kilogauss,  even 

for homogeneous samples .  

The voltage resul ts  f r o m  a super- to-normal  (SN) transitiofi at the cr i t ical  

As the pulsed-field decays,  the sample undergoes a 

The SN and NS transi t ions a r e  not 

The experimental  c i rcu i t ry  is illustrated in Figure 13 .  

PULSE 
Rline SOLENOID 

- ~. - 
6V 

CAPACITOR BANK AND 

CURRENT I 
SHUNT H(t) 

CHARGING MECHANISM 

1 I 3 

Figure 13.  Experimental  Circui t ry ,  H r Measurements  

AI-65-42 
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The pulsed magnet cur ren t  (field) and sample voltage a r e  recorded with an 

oscilloscope. 

transit ion,  thereby permitting expanded sweeps of the t ransi t ion voltage and 

field. 

cu r ren t  shunt f o r  higher field recording sensitivity. 

The t ime delay is used to  t r igger  the sweep just  p r ior  to  the SN 

The bucking potentiometer subtracts a fixed voltage a c r o s s  the solenoid 

Two pulses a r e  recorded on each photograph: one with sample cur ren t  flow- 

ing to r eco rd  the S N  t ransi t ion,  and the second with no sample cu r ren t  to  mea-  

s u r e  the noise level due to  d q / d t  pickup. 

The repeatability of the pulse i s  evident since the two solenoid field t r a c e s  a r e  

identical. 

A typical pulse is shown in Figure 14a. 

Both the S N  transit ion and the NS transit ion a r e  well defined. 

Data were  taken at cur ren t  levels of 0.005, 0.05, and 0.5A, corresponding to  
2 approximately 10, 100, and 1000 A/cm , respectively.  At each cu r ren t  level 

two pictures  were  taken: one showing both S N  and NS t ransi t ions,  and a second 

showing an  exploded view of the S N  transit ion.  

The SN transit ion occurs  at consistently higher fields than the NS t ransi t ion.  

Evidently this  discrepancy resu l t s  f rom eddy cu r ren t  heating in the sample due 

to dq/d t ,  thus the S N  transit ion is more co r rec t .  F r o m  the above discussion, it 

follows that  dq/dt  mus t  a l so  cause Hr f o r  the S N  measurement  to  be l e s s  than 

Hc2, the upper c r i t i ca l  field. 

In analyzing the data,  th ree  to four fields a r e  noted. Hr is defined as the 

The fields at field at which half of the normal-s ta te  res is tance is res tored .  

which the onset and full res torat ion of res is tance occur a r e  labeled Hro and Hrf, 

respect ively.  

u r e  14b. The field at which the second transit ion begins is labeled H' 

In some cases  a double transit ion is evident, as shown in F i g -  

ro '  

The data  a r e  plotted in F igures  1 through 11. Each graph shows the resu l t s  

for  w i r e s  annealed at the same  temperature  for  different t imes .  

r ep resen t  H r '  
t ransi t ion,  H' 

fo r  the samples  a r e  plotted as a function of annealing tempera ture  inF igures  15a 

and 15b, and as a function of annealing t ime i n  F igure  16. 

The data points 

while the b a r s  indicate Hro and Hrf. If the sample has  a double 

is represented with a dashed, ver t ical  l ine.  The values of Hr r o  

3 2 Often, at cu r ren t  densit ies of -10 A/cm , normal  regions propagate along 

the wi re ;  a typical r e su l t  is shown in Figure 13c. 

voltage (V ) i nc reases  abruptly as the normal  region propagates past  one voltage 

In this f igure,  the sample 

S 

AI-65-42 
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< CALIBRATION LINES 

10.0 8 .O 6.0 4.0 0 
millisec 

SAMPLE VOLTAGE: 
1.0 mv/cm 

FIELD TRACE, 18.3 kG/cm 

-0 kG 

Figure 14a. Typical S N  Transit ion in  Pulsed-Field,  
Sample No. 9, J = 109 A/crn2 

+ SAMPLE VOLTAGE, 1.0 

H =18.3 kG/cm 

- 0 kG 
I I I I 

6.3 4.9 3.5 2.1 
mi llisec 

Figure 14b. Double Transit ion in Sample No. 5,  
J = 117 A/cm2 

Figure  14c. Propagation of Norma 
Solder Joints 

-SAMPLE VOLTAGE = 10 mV/cm 

H = 9.15 kG/cm 36.6 kG 

1 Region Originating in  
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probe. If H w e r e  constant, V should increase l inearly.  However, since H is 

increasing,  d V /dt  should be positive, which is the . case .  The average propa- 

gation velocity (ignoring the change in H) is reasonable ,  about 4 m/sec.  The in-  

itial normal  region evidently resu l t s  f rom heating at the solder  joints between 

the sample and the cu r ren t  leads and propagates if  the cu r ren t  density is la rge  

enough, 

S 2 2 
S 

F r o m  Figure 14c, the expected SN transit ion occurs  at -0.7 ms, a t ime too 

shor t  to be  due to  a propagating normal  front f r o m  the joints. Therefore ,  the 

magnetic SN transit ion is a t r u e  measure  of the upper res i s t ive  c r i t i ca l  field. 

B. DISCUSSION 

Changes in Hr can be tentatively explained as follows. F igure  17 shows a 

portion of the equilibrium phase diagram for  Ti-Nb, and Figure  18 shows Hr 

(at 1.2"K) f r o m  homogeneous Ti-Nb. ( 2 J 3 )  The s tar t ing mater ia l  is quenched 

f r o m  800°C and has  a homogeneous , retained-fl s t ruc ture .  

is seen  that i f  retained-@ is annealed at T 

matrix ma te r i a l  (@-Nb) surrounding the precipitate becomes enriched in  Nb .  

Thus the matrix composition is changed, and H 

Figures  17 and 18. 

From Figure 17 , it 
680"C, then Q T i  is precipitated: the 

should change in  accord  with r 

Quantitative confirmation of this  process  must  await c r i t i ca l  t empera ture  de-  

terminat ions for  the 30 samples  because our data was taken at 4.2"K and Fig-  

u r e  17 was taken at 1.2"K. This difficulty can  be evaded in  one specific c a s e  

by comparing the resu l t s  at the maximum value of Hr. F r o m  Figures  15a and 

15b, H is maximum at -450°C. F r o m  Figure 17, the equilibrium @-phase for  

a 450°C anneal  should be 50a/o Nb. 

F igure  18 occurs  for  40a/o Nb. 

might be explained as follows: the kinetics of the Ti-Nb alloy sys tem indicate 

.Ir -4. 

r 
However, the maximum value of H f r o m  

This apprent discrepancy in Nb concentration 
r 

a sluggish t ransformation with precipitation of a t ransient  &-phase. (4) 

B -  retained- w + P'+a + 6 e 

The intermediate  @ phase could be  of lower Nb concentration, that  is substantial  

40a/o Nb could be present  for  material which finally becomes 50a/o Nb .  

*E the r n m p n s l t i o ~  is s 40a,/o Nb; then 3Hr = 18,400 Tc[1-(T/T,)21 

If the composition is 2 40a/o Nb, Hr = A ( T ) ~ ~ Y T ~ [ ~ - ( T / T ~ ) ~ ]  
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Figure 18. Upper Cri t ical  Field of Ti-Nb at 
1.2"K as a Function of Alloy Concentration 

In the samples  aged at 600 a n d  6 5 0 ° C ,  broad double S N  transit ions of 30-kG 

width were  observed (see Figures  10 and 11). 

double t ransi t ion is shown in Figure 14b. 

but it is thought to be due to the 61 -Ti  precipitate. 

i l lust rated i n  Figure 12c, a r e  seen  i n  most of the broad t ransi t ions.  

A typical photograph of this broad 

This r e su l t  is not understood as yet,  

Double t ransi t ions,  such as 

We thank Dr.  A. C. Thorsen for  his  cooperation and  the use of the pulse- 

solenoid facil i t ies at the North American Science Center.  
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IV. NORMAL STATE RESISTIVITY 

Resistivity measurements  were  made at room tempera ture  on the p r e -  and 

, post-annealed ma te r i a l  (Po and p respectively). The normal -s ta te  res is t ivi ty  

at 4 .2"K ( p  ) was calculated f r o m  the voltage and cur ren t  measurements  in the 

pulsed-field tests at 10 A/cm . The resul ts  a r e  given in Table 1 .  From the 

p 
the preceding section, high H 

p 

f '  

3 2 n 

data ,  it is seen  that a low value of p corresponds to a high H . Since,  f r o m  

corresponds to  an  enriched Nb phase,  and since 
n n r 

r 
dec reases  with increasing Nb ~ o n t e n t , ' ~ )  the above r e su l t s  a r e  expected. n 
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V. SUMMARY AND FUTURE PLANS 

Short  sample J vs  H and Hr tes t s  a r e  complete. At 4.2"K i n  a field of 30 kG, 
C E 3 

I the maximum in  c r i t i ca l  cu r ren t  density, 2 x 10' A/cmL, is found f o r  mater ia l  

which is annealed 300 to  1000 minutes at 350°C. 

field, Hr,  is maximum f o r  a 100 to  300 minute, 450°C anneal. 

due to  annealing can be qualitatively explained by identifying with a precipitation- 

enriched, fi -Nb matrix. 

t empera tu re  experiments a r e  complete. 

The res i s t ive  upper c r i t i ca l  

Variations in H r 

Quantitative correlation will be made  af te r  c r i t i ca l  

Continuing, but incomplete, work includes photomicrograph, x - r a y  diffraction, 

and electron microscope studies on the annealed wire .  

New experiments  scheduled for the third quarter inc?.ude c r i t i ca l  t empera ture  

and shor t  sample stability t e s t s  fo r  the 30 samples .  
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